Alexander disease is a fatal neurodegenerative disease caused by dominant mutations in glial fibrillary acidic protein (GFAP). The disease is characterized by protein inclusions called Rosenthal fibers within astrocyte cell bodies and processes, and an antioxidant response mediated by the transcription factor Nrf2. We sought to test whether further elevation of Nrf2 would be beneficial in a mouse model of Alexander disease. Forcing overexpression of Nrf2 in astrocytes of R236H GFAP mutant mice decreased GFAP protein in all brain regions examined (olfactory bulb, hippocampus, cerebral cortex, brainstem, cerebellum, and spinal cord) and decreased Rosenthal fibers in olfactory bulb, hippocampus, corpus callosum, and brainstem. Nrf2 overexpression also restored body weights of R236H mice to near wild-type levels. Nrf2 regulates several genes involved in homeostasis of the antioxidant molecule glutathione, and the neuroprotective effects of Nrf2 in other neurological disorders may reflect restoration of glutathione to normal levels. However, glutathione levels in R236H mice were not decreased. Nrf2 overexpression did not change glutathione levels or ratio of reduced to oxidized glutathione (indicative of oxidative stress) in olfactory bulb, where Nrf2 dramatically reduced GFAP. Depletion of glutathione through knock-out of the GCLM (glutamate-cysteine ligase modifier subunit) also did not affect GFAP levels or body weight of R236H mice. These data suggest that the beneficial effects of Nrf2 are not mediated through glutathione.
Introduction
Alexander disease is a fatal neurodegenerative disorder caused by dominant mutations in the astrocyte intermediate filament glial fibrillary acidic protein (GFAP) (Brenner et al., 2001 ). Alexander disease patients can be divided into two classes (Prust et al., 2011) . Type I is characterized by an early onset, usually before 4 years of age, and patients often have seizures, macrocephaly, and developmental delays. Pathology involves the frontal white matter, and median survival is 14 years from the age of onset. Type II can occur at any age, but usually after age 4, and it is characterized by autonomic and bulbar dysfunction due to brainstem, cerebellum, and spinal cord atrophy. Type II is less severe, and median survival is 25 years from age of onset.
All forms of Alexander disease are characterized by cytoplasmic protein inclusions in astrocytes, called Rosenthal fibers, that contain GFAP, vimentin, plectin, and small heat shock proteins (Alexander, 1949; Goldman and Corbin, 1988; Iwaki et al., 1989 Iwaki et al., , 1993 Tian et al., 2006) . Accumulation of GFAP above an undefined toxic threshold is thought to lead to a positive-feedback loop contributing to further increases in GFAP expression and accumulation, and to exacerbation of the toxic effects of mutant GFAP (Tang et al., 2006) .
Another central element in Alexander disease pathogenesis is upregulation of stress response-related genes (Hagemann et al., 2005) . Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a transcription factor that coordinates the stress response by activating a consensus antioxidant response element (ARE) in the promoter regions of many phase II detoxification enzymes and cytoprotective genes, including NAD(P)H dehydrogenase quinone 1 (NQO1) and genes involved in the synthesis and homeostasis of the antioxidant molecule glutathione, such as glutamate-cysteine ligase modifier subunit (GCLM). These molecules provide neuroprotection against oxidative stress by scavenging free radicals, detoxifying xenobiotics, and maintaining the intracellular redox state (for review, see Calkins et al., 2009) .
Overexpression of Nrf2 in astrocytes is protective in mouse models of amyotrophic lateral sclerosis (ALS) (Vargas et al., 2008 ), Parkinson's disease (Jakel et al., 2007; Chen et al., 2009) , and Huntington's disease (Calkins et al., 2005 (Calkins et al., , 2010b , partly through restoration of glutathione levels. Although Nrf2 activity is already increased in Alexander disease (Hagemann et al., 2005 (Hagemann et al., , 2006 , we sought to test whether further elevation of Nrf2, specifically in astrocytes, would be beneficial in a mouse model of Alexander disease. Knock-in mice with the R236H point mutation (homologous to the common human R239H mutation) replicate several features of Alexander disease, including elevated levels of GFAP, formation of Rosenthal fibers, increased susceptibility to kainate-induced seizures, and an increased stress response (Hagemann et al., 2006) . Here, we show that astrocytespecific overexpression of Nrf2 decreases GFAP transcripts, GFAP protein, and Rosenthal fibers in several brain regions of R236H/ϩ mice. Interestingly, we are unable to detect an imbalance of oxidized glutathione in the Alexander disease mice, and disease phenotypes do not worsen under conditions in which glutathione has been decreased. Hence, the protection conferred by Nrf2 is likely not due to effects on glutathione.
Materials and Methods
Mice. Knock-in mice with the GFAP-R236H point mutation were generated as previously described (Hagemann et al., 2006) and maintained in either FVB/N (for GFAP-Nrf2 crosses) or C57BL/6J backgrounds (for GCLM crosses). Transgenic mice with a 51 bp ARE from the rat NAD(P)H quinone oxidoreductase-1 (Nqo1) promoter followed by a human placental alkaline phosphatase reporter (ARE-hPAP, line TgQR-15) (Johnson et al., 2002) and transgenic mice overexpressing mouse Nrf2 under control of a 2.2 kb human GFAP promoter (GFAP-Nrf2.2 and GFAP-Nrf2.4, corresponding to lines Tg173.2 and Tg173.4) were maintained in an FVB/N background. Previous studies have exclusively used the GFAP-Nrf2.4 line of mice (Vargas et al., 2008; Chen et al., 2009; Calkins et al., 2010b) , while the current study used GFAP-Nrf2.2 mice for the majority of experiments. In Results and Discussion, GFAP-Nrf2 refers to the GFAP-Nrf2.2 mice. GCLM knock-out mice were maintained in a C57BL/6J background (Yang et al., 2002) . Male and female mice were used for experiments, and data from each sex were analyzed separately unless otherwise indicated. All tissues were collected from 12-week-old mice.
hPAP stain. ARE-hPAP transgenic mice were anesthetized with 20 mg/ml tribromoethanol in 2% tert-amyl alcohol and perfused intracardially with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were postfixed 2 h at room temperature, dehydrated in 70% ethanol, and processed for paraffin sectioning (6 m). After deparaffinization and rehydration, sections were heated at 65°C in alkaline phosphatase (AP) buffer (0.1 M Tris, 0.1 M NaCl, 50 mM MgCl 2 , pH 9.0) for 1 h to inactivate endogenous phosphatases, and then incubated in 5-bromo-4-chloro-3-indolyl phosphate disodium salt (BCIP)/ nitrotetrazolium blue chloride (NBT)/AP buffer [170 g/ml BCIP (Sigma-Aldrich) and 340 g/ml NBT (Sigma-Aldrich) in AP buffer] for 1 h at room temperature or BCIP/AP buffer for 48 h at 37°C. Sections were rinsed in water and coverslipped with VectamountAQ mounting media (Vector Laboratories). Bright-field images were collected on a Nikon SMZ-U microscope using a Zeiss AxioCam camera. Adobe Photoshop CS4 was used to exclude unrelated tissues that were in the field of view, but no other adjustments were made to the images.
Tissue collection. Mice were killed by CO 2 , and brains were removed and dissected in ice-cold PBS into hemispheres and then regions, so that regional samples represent one-half of each brain. Regions collected were as follows: olfactory bulb, hippocampus, cortex overlying the hippocampus (including somatosensory, visual, auditory, ectorhinal, perirhinal, entorhinal, and piriform cortices) and underlying white matter (abbreviated as "cortex " in Results), cerebellum, brainstem, and cervical spinal cord. For some experiments, one hemisphere per mouse was used in its entirety, and data from these samples are referred to as "whole brain " in Results and Discussion. Tissues were immediately frozen in liquid nitrogen and stored at Ϫ80°C. hPAP quantitative assay. Procedures for quantification of ARE-hPAP reporter activity are modified from Hagemann et al. (2006) . Frozen tissues were homogenized in TMNC lysis buffer (50 mM Tris, 5 mM MgCl 2 , 10 mM NaCl, 4% CHAPS) at 1.25 ml/hemisphere or 0.5 ml/brain region using a Geno/Grinder (OPS Diagnostics) at 1750 rpm for 5 min. Hemispheres were further diluted in TMNC lysis buffer to bring the total volume to 2 ml/hemisphere. Samples were diluted 1:10 in TMNC lysis buffer, and protein was quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Seventy-five microliters of 200 mM diethanolamine, pH 9.5-10.0, was added to wells of a microtiter plate, followed by 25 l of samples. The plate was heated to 65°C to inactivate endogenous alkaline phosphatases, cooled to room temperature, and then 100 l of chemiluminescent substrate mix [0.83 mM CSPD (Applied Biosystems/Life Technologies; T2042), 20% Emerald Enhancer (Applied Biosystems; T2002), 5 mM MgCl 2 , 150 mM diethanolamine] was added per well. Enzyme activity was quantified using a GloRunner microplate luminometer (Turner Biosystems).
Quantitative PCR. Total RNA from male mice was isolated and purified using Trizol as described in the manufacturer's instructions (Invitrogen) . RNA concentration was quantified on a NanoDrop spectrophotometer (Thermo Fisher Scientific) and converted to cDNA using SuperScript III reverse transcriptase according to the manufacturer's instructions (Invitrogen). Primers were designed (Table 1) and standards generated as previously described (Hagemann et al., 2005) . Reactions were performed in triplicate for standards and duplicate for samples with Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies) on an Applied Biosystems 7500 Real-Time PCR System. Relative concentrations were calculated based on standard curves and normalized to 18S ribosomal RNA and TATA box binding protein (TBP). Similar results were obtained for normalization to 18S and TBP, so data normalized to 18S are presented here.
GFAP ELISA. Tissues were homogenized in 2% SDS, 50 mM Tris, pH 7.4, 5 mM EDTA, pH 7.4, 1ϫ Complete Protease Inhibitor Cocktail (Roche Diagnostics) and 1 mM Pefabloc (Sigma-Aldrich) at 3.5 ml/hemisphere, 0.4 ml/brain region for olfactory bulb, hippocampus, cortex, and cervical spinal cord, or 0.8 ml/brain region for brainstem and cerebellum using a Geno/Grinder (OPS Diagnostics) at 1750 rpm for 5 min. Total protein concentration was measured using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Samples and GFAP standards of known concentration were diluted in PBS with 0.5% Triton X and 1% BSA. For sandwich ELISA [protocol modified from Hagemann et al. (2009) ], plates were coated with SMI-26 (1:1000; anti-GFAP monoclonal mixture; Covance), blocked with 5% nonfat dry milk, incubated with samples and standards, and then incubated with polyclonal rabbit anti-cow GFAP (1:5000; Z0334; Dako), followed by goat anti-rabbit HRP (1: 10,000), and then SuperSignal ELISA Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Chemiluminescence was measured on a GloRunner microplate luminometer (Turner Biosystems).
Preparation of frozen sections. Mice were perfused intracardially with room temperature PBS followed by fresh 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were postfixed overnight at 4°C, cryoprotected in graded concentrations of sucrose in PBS (ϳ5 h at 10%, ϳ20 h at 20%, Ͼ48 h at 30%), embedded in Tissue-Tek OCT compound (Sakura Finetek), frozen in a dry ice/ethanol bath, and sectioned at 16 m on a cryostat.
GFAP immunolabeling. Frozen sections were rehydrated in PBS, blocked in 5% normal donkey serum (DS) with 0.1% Triton X, and then incubated with mouse anti-GFAP (1:1000; clone GA5; MAB3402; Millipore Bioscience Research Reagents) in blocking solution followed by donkey anti-mouse Alexa 488 (1:1000; Invitrogen) in 5% DS. Slides were coverslipped using Vectashield mounting media with DAPI (Vector Laboratories) and imaged on a Nikon 80i confocal microscope. Images are maximum-intensity projections of 7 m z-stacks (7 ϫ 1 m z-sections per stack). Rosenthal fiber stereology. Parameters for stereological analysis were determined from a small pilot experiment. Sixteen micrometer frozen coronal sections from male mouse brains were collected at the following intervals: olfactory bulb, 1:20 (10 -11 sections); corpus callosum, 1:30 (9 -11 sections); hippocampus, 1:15 (12-13 sections); and brainstem, 1:10 (12-14 sections). Anatomical boundaries of the brain regions were defined as follows [coordinates are anterior-posterior from bregma and based on Paxinos and Franklin (2001) ]: olfactory bulb, includes the main olfactory bulb and accessory olfactory areas from the beginning of the olfactory bulbs until ϩ2.10 mm, and does not include cortical areas; corpus callosum, also includes the cingulum and external capsules, from ϩ1.98 to Ϫ2.54 mm (where the corpus callosum is no longer connected across the midline); hippocampus, from Ϫ0.94 to Ϫ4.04 mm; brainstem, includes brainstem areas from Ϫ5.34 mm (where the fourth ventricle begins) to Ϫ7.48 mm (at the junction of the fourth ventricle with the central canal) and does not include cerebellum. Frozen sections were stained with H&E as follows: air dry for 10 min, dH 2 O for 3 min, Mayer's hematoxylin for 5 min (MHS16; Sigma-Aldrich), running tap H 2 O for 1 min, 1ϫ PBS until blue, dH 2 O for 30 s, 95% ethanol for 30 s, eosin Y in ethanol (plus 100 l of glacial acetic acid per 200 ml of eosin immediately before use) for 5 min (0.5% eosin in acidified 90% ethanol; HTT10-1; Sigma-Aldrich), 95% ethanol two times for 1 min each, 100% ethanol three times for 1.5 min each, xylenes two times for 2 min each, and coverslip with Permount (Thermo Fisher Scientific). Slides were separated by brain region, and then masked so that observers were blinded to the genotype and unable to compare results between regions for one mouse (except corpus callosum and hippocampus). Rosenthal fiber area fraction in each brain region was quantified using the Area Fraction Fractionator probe of StereoInvestigator (MBF Bioscience) on a Zeiss microscope by placing sampling grids (300 ϫ 400 m for olfactory bulb, 260 ϫ 360 m for corpus callosum, 260 ϫ 260 m for hippocampus, and 400 ϫ 400 m for brainstem) over traced regions of interest. Within a 45 ϫ 45 m counting frame, a Cavalieri point grid (15 m crosshair spacing so each grid point was associated with 225 m 2 ) was used to count crosshairs touching eosin-stained Rosenthal fibers. For each mouse, total area associated with Rosenthal fibers and total area of the region of interest were calculated by StereoInvestigator from all of the collected sections. Area fraction was then calculated as follows: (Rosenthal fiber area)/(region of interest area).
Glutathione measurement by HPLC. Frozen tissues were sonicated in 5 ml/hemisphere or 400 l/olfactory bulb of ice-cold 5% sulfosalicylic acid, and then centrifuged at 10,000 ϫ g for 10 min at 4°C. The pellet fraction was used to measure protein content with the Pierce BCA Protein Assay kit (Thermo Fisher Scientific). The supernatant was used to measure reduced (GSH) and oxidized (GSSG) glutathione using normalphase (ion exchange) HPLC as previously described (Fariss and Reed, 1987; Vargas et al., 2011) . Sample GSH and GSSG quantities were calculated based on standard curves generated from standard samples with known GSH and GSSG quantities, and then normalized to protein levels measured in the pellet fractions.
Statistical analysis. For ELISA and body weight data, littermates of the same genotype were averaged first, and then litters were averaged. qPCR, hPAP, and ELISA data from brain regions were transformed [Y ϭ log( Y)] before performing statistical tests to equalize SDs (data presented in the figures are the original untransformed data). Comparisons among multiple genotypes used one-way ANOVA with post Bonferronicorrected t tests for selected comparisons (for Nrf2 experiments: WT vs GFAP-Nrf2, WT vs R236H/ϩ, WT vs R236H/ϩ;GFAP-Nrf2, GFAPNrf2 vs R236H/ϩ;GFAP-Nrf2, and R236H/ϩ vs R236H/ϩ;GFAP-Nrf2; for GCLM experiments: WT vs GCLM Ϫ/Ϫ , WT vs R236H/ϩ, WT vs R236H/ϩ;GCLM Ϫ/Ϫ , GCLM Ϫ/Ϫ vs R236H/ϩ;GCLM Ϫ/Ϫ , R236H/ϩ vs R236H/ϩ;GCLM Ϫ/Ϫ ). A two-tailed Student's t test was used for comparisons between two genotypes in stereology experiments. Statistical comparisons were not made between brain regions. The significance level was defined as 0.05 and *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 in all figures. Analyses were performed using GraphPad Prism 5.01 (GraphPad Software).
Results
Nrf2 mRNA is increased in GFAP-Nrf2, R236H/؉, and R236H/؉;GFAP-Nrf2 mice To test whether increasing Nrf2 in astrocytes can suppress the phenotypes of a mouse model of Alexander disease, we first examined the level and pattern of Nrf2 expression in the GFAPNrf2 mice (GFAP-Nrf2.2 or line Tg173.2). Mice were examined at 12 weeks of age based on a previous study that showed peak levels of endogenous Nrf2 activity in R236H/ϩ mice at this time (Hagemann et al., 2006) . Nrf2 transcript levels in GFAP-Nrf2 mice were significantly increased over wild type (WT) in all five brain regions examined: olfactory bulb, cortex, hippocampus, brainstem, and cervical spinal cord (Fig. 1 A) . (Note: "WT" throughout will be used to refer to mice that do not carry the GFAP-Nrf2 transgene and are wild type at the Gfap locus.) R236H/ϩ mice without the Nrf2 transgene displayed increased Nrf2 transcripts in only three brain regions: olfactory bulb, cortex, and hippocampus ( Fig. 1 A) . R236H/ϩ;GFAP-Nrf2 mice showed increased Nrf2 transcript levels compared with R236H/ϩ mice in all five brain regions ( Fig. 1 A) .
ARE activity is increased in GFAP-Nrf2, R236H/؉, and R236H/؉;GFAP-Nrf2 mice
We next wanted to examine Nrf2 activity in brain using a transgenic reporter line. Nrf2 activates a consensus ARE in promoters of many genes involved in the antioxidant response. To examine spatial patterns of ARE activation in GFAP-Nrf2, R236H/ϩ, and R236H/ϩ;GFAP-Nrf2 mice, we used mice that also express a hPAP reporter under control of a 51 bp ARE from rat NAD(P)H dehydrogenase quinone 1 (Nqo1). Histochemical staining for hPAP in sagittal and coronal brain sections (n ϭ 4 male and 4 female mice per genotype) showed that WT mice had minimal hPAP activity throughout the brains (sagittal sections in Fig. 1 B; coronal sections not shown), while GFAP-Nrf2 mice had elevated hPAP staining in several brain regions, including olfactory bulb, corpus callosum, hippocampus (increased hPAP was more evident in coronal sections of posterior and lateral regions of hippocampus), various cortical areas, thalamus, superior and inferior colliculi, cerebellum, brainstem, and spinal cord (Fig. 1C) , indicating increased ARE and Nrf2 activity due to the Nrf2 transgene. hPAP staining was also increased in R236H/ϩ compared with WT in olfactory bulb, the pial surface of the cortex, corpus callosum, striatum, hippocampus, brainstem, and cervical spinal cord (Fig. 1 D) . hPAP staining in R236H/ϩ mice corresponded with regions in which Rosenthal fibers are found at this age and matched our previous results using R236H/ϩ mice in a different background strain (Hagemann et al., 2006) . hPAP staining in R236H/ϩ;GFAP-Nrf2 mice appeared to be additive between GFAP-Nrf2 and R236H/ϩ mice in corpus callosum, cortex, hippocampus, brainstem, cerebellum, and cervical spinal cord (Fig.  1 E) . In contrast, hPAP staining in olfactory bulb of R236H/ϩ; GFAP-Nrf2 mice appeared similar to GFAP-Nrf2 and decreased compared with R236H/ϩ (Fig. 1C-E, arrows) . Assays at the whole-brain level confirmed that hPAP activity in GFAP-Nrf2, R236H/ϩ, and R236H/ϩ;GFAP-Nrf2 brains was increased compared with WT, with R236H/ϩ;GFAP-Nrf2 being highest, and appeared to be additive between GFAP-Nrf2 and R236H/ϩ (Fig. 1 F) .
Quantitative assays for hPAP activity in individual brain regions mostly corresponded to the histochemical stain. GFAP-Nrf2 and R236H/ϩ;GFAP-Nrf2 mice had increased hPAP levels compared with WT in all six brain regions: olfactory bulb, cortex, hippocampus, brainstem, cerebellum, and cervical spinal cord (data from male mice are in Fig. 1G ; similar data from female mice are not shown). R236H/ϩ; GFAP-Nrf2 mice also had higher hPAP levels compared with R236H/ϩ mice in those same regions, except olfactory bulb. R236H/ϩ mice had increased hPAP levels compared with WT in all brain regions except cerebellum (Fig. 1G) . hPAP activity in R236H/ϩ;GFAP-Nrf2 mice appeared to be additive between GFAP-Nrf2 and R236H/ϩ mice, except in olfactory bulb (Fig. 1G) .
As an independent measure of Nrf2 activity, we quantified transcript levels for Nqo1, a target gene of Nrf2. As expected, Nqo1 transcripts were increased in GFAPNrf2 mice compared with WT and in R236H/ϩ;GFAP-Nrf2 compared with R236H/ϩ in all five brain regions: olfactory bulb, cortex, hippocampus, brainstem, and cervical spinal cord (Fig. 1 H) . Nqo1 transcripts were also increased in R236H/ϩ olfactory bulb, cortex, hippocampus, and cervical spinal cord compared with WT (Fig. 1 H) . However, hPAP and Nqo1 results differed in some regions. For example, GFAP-Nrf2 and R236H/ϩ; GFAP-Nrf2 olfactory bulb had higher Nqo1 transcript levels than R236H/ϩ, but the hPAP reporter did not show a difference between GFAP-Nrf2, R236H/ϩ;GFAP-Nrf2, and R236H/ϩ (Fig. 1C-E,G,H) .
Nrf2 overexpression decreases GFAP in R236H/؉ mice
Since one potential strategy for therapy of Alexander disease is to reduce GFAP levels, we tested whether overexpression of Nrf2 decreases Gfap transcripts. R236H/ϩ mice had increased Gfap transcript levels compared with WT in all five brain regions examined ( Fig. 2A) . Nrf2 overexpression in WT mice (GFAP-Nrf2 vs WT) decreased Gfap transcript levels in olfactory bulb but did not significantly change Gfap transcript levels in the other regions ( Fig. 2A) . Nrf2 overexpression in R236H/ϩ mice (R236H/ ϩ;GFAP-Nrf2 vs R236H/ϩ) decreased Gfap transcript levels in olfactory bulb, cortex, and brainstem ( Fig. 2A) . In the olfactory bulb and brainstem, Gfap transcript levels in R236H/ϩ;GFAP-Nrf2 mice were decreased to WT levels or below ( Fig. 2A) .
We next tested whether astrocytic overexpression of Nrf2 decreased GFAP protein levels using an ELISA. Compared with WT, R236H/ϩ mice had increased GFAP protein in olfactory bulb, cortex, and hippocampus, and no change in brainstem, cerebellum, and cervical spinal cord (Fig. 2 B) (GFAP is significantly decreased in female R236H/ϩ spinal cord; data not shown). Nrf2 overexpression had varying effects in WT mice depending on the brain region: GFAP-Nrf2 mice had decreased GFAP protein compared with WT in olfactory bulb, brainstem, and cervical spinal cord, an increase in hippocampus, and no change in cortex or cerebellum (Fig. 2 B) . Despite differing effects in WT mice, Nrf2 overexpression decreased GFAP levels in five brain regions of male R236H/ϩ mice (R236H/ϩ;GFAP-Nrf2 vs R236H/ϩ in all regions except cerebellum; Fig. 2 B) and in all six brain regions of female R236H/ϩ mice (data not shown). Immunolabeling for GFAP in brain sections also showed decreased GFAP protein and GFAP aggregates in R236H/ϩ;GFAP-Nrf2 compared with R236H/ϩ mice (e.g., olfactory bulb in Fig. 2C,D) . . GFAP-Nrf2 mice have increased Nrf2 transcripts and Nrf2 activity at 12 weeks of age. A, Nrf2 mRNA levels were quantified in olfactory bulb, cortex, hippocampus, brainstem, and cervical spinal cord using qPCR (n ϭ 4 -7 male mice per genotype). B-E, An alkaline phosphatase reporter (hPAP) under control of the ARE shows Nrf2/ARE activity patterns in sagittal brain sections. WT mice (B) have little to no hPAP activity, while R236H/ϩ mice (D) have increased hPAP activity, especially in olfactory bulb, corpus callosum, and hippocampus. GFAP-Nrf2 mice (GFAP-Nrf2.2, line Tg173.2) (C) have increased hPAP levels compared with WT, especially in brainstem, cervical spinal cord, and cerebellum. hPAP levels in R236H/ϩ;GFAP-Nrf2 mice (E) appear to be additive between GFAP-Nrf2 and R236H/ϩ, except in olfactory bulb (arrows) where R236H/ϩ;GFAP-Nrf2 mice have levels similar to GFAP-Nrf2. The images in B-E are representative of at least four male and four female mice per genotype. F, G, Quantification of hPAP levels for whole brain (F ) and brain regions (G) mostly corresponds to hPAP staining (n ϭ 5-11 male and female mice per genotype in F; n ϭ 4 -5 male mice per genotype in G). H, Nqo1 mRNA levels were quantified in olfactory bulb, cortex, hippocampus, brainstem, and cervical spinal cord using qPCR (n ϭ 4 -7 male mice per genotype). Transcript levels in A and H are normalized to 18S. Scale bar: B-E, 3 mm. RLU, Relative light units. Error bars are SD. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
Nrf2 overexpression decreases Rosenthal fibers
The pathological hallmark of Alexander disease is the presence of Rosenthal fibers. In olfactory bulb, R236H/ϩ mice had many eosinophilic Rosenthal fibers (Fig. 3A, arrows) , while R236H/ϩ; GFAP-Nrf2 mice had almost no Rosenthal fibers in olfactory bulb (Fig. 3B) . We quantified this effect using stereological methods and found that Nrf2 overexpression decreased Rosenthal fiber area fractions in olfactory bulb, corpus callosum, hippocampus, and brainstem (Fig. 3C ).
Nrf2 overexpression increases body weight of R236H/؉ mice
Previously, we showed that Alexander disease mice have lower body weights compared with littermate controls (Hagemann et al., 2006) , so we tested whether overexpression of Nrf2 reverses this phenotype. From 4 to 12 weeks of age, R236H/ϩ mice weighed significantly less than WT littermates, but R236H/ϩ; GFAP-Nrf2 mice weighed more than R236H/ϩ mice and were not different from WT mice beginning at 4 weeks and continuing through 8 weeks of age (Fig. 4) . This effect was not additive since GFAP-Nrf2 mouse body weights were not different from WT between 3 and 12 weeks of age (Fig. 4) . By 10 weeks of age, the effects of Nrf2 overexpression on body weight began to diminish (Fig. 4) . These results suggest that Nrf2 overexpression in astrocytes can reverse the low body weight phenotype caused by Alexander disease-related point mutations in GFAP.
A lower expressing line of GFAP-Nrf2 mice is not as effective at reducing GFAP ARE-hPAP activity in a second line of GFAP-Nrf2 mice, referred to here as GFAP-Nrf2.4 (line Tg173.4) (Vargas et al., 2008) , was compared with the GFAPNrf2 line used in the preceding experiments (line Tg173.2, referred to as GFAP-Nrf2.2 in this section). While the GFAP-Nrf2.2 mice had hPAP staining throughout the brain (as described above and in Fig. 5A ), hPAP staining in the GFAP-Nrf2.4 mice was detected mainly in brainstem, cerebellum, and spinal cord (Fig. 5B) . Quantification of hPAP activity showed GFAP-Nrf2.2 mice had higher levels compared with GFAP-Nrf2.4 mice in all six brain regions examined (Fig. 5C ). GFAP-Nrf2.4 mice had decreased GFAP protein levels compared with WT in brainstem and cervical spinal cord, while no changes were detected in olfactory bulb, cortex, or cerebellum, and a small increase was detected in hippocampus (data not shown). Despite lower Nrf2 activity levels in the GFAP-Nrf2.4 line, R236H/ϩ;GFAP-Nrf2.4 mice still had decreased GFAP protein in olfactory bulb and cervical spinal cord compared with R236H/ϩ mice, although the decrease in olfactory bulb was not as dramatic as with the GFAP-Nrf2.2 line (data not shown). GFAP protein did not change in R236H/ ϩ;GFAP-Nrf2.4 cortex, hippocampus, or brainstem, and increased in cerebellum compared with R236H/ϩ mice (data not shown). Crossing to the GFAP-Nrf2.4 line did not rescue the low body weight phenotype of the R236H/ϩ mice through 12 weeks of age (data not shown).
Glutathione levels are not decreased in R236H/؉ mice
Previous work has implicated increased oxidative stress and depleted glutathione as important factors in progression of neurodegenerative diseases. However, in R236H/ϩ mice, we did not observe a decrease in glutathione (R236H/ϩ vs WT; Fig. 6 A) . Even in brain regions that are most severely affected, such as olfactory bulb, total glutathione levels [reduced glutathione (GSH) plus oxidized glutathione (GSSG)] did not decrease and in fact increased in R236H/ϩ compared with WT (Fig. 6 B) . To obtain a measure of oxidative stress, we calculated the ratio of reduced (GSH) to oxidized (GSSG) glutathione. GSH/GSSG increased in R236H/ϩ compared with WT at the whole-brain level (42 Ϯ 3 vs 36 Ϯ 4; p Ͻ 0.05), and GSH/GSSG did not change in the olfactory bulb (31 Ϯ 8 vs 25 Ϯ 5), indicating a decrease in oxidative stress. We did not detect differences in glutathione measurements between male and female mice, so male and female data were combined. These data suggest that, unlike some other neurodegenerative disease models, Alexander disease mice do not exhibit decreased glutathione levels, perhaps due to the effective induction of Nrf2 and its subsequent activation of the antioxidant cascade. Nrf2overexpressiondecreasesGFAPproteinandtranscriptlevelsin12-week-oldR236H/ϩmice.A,GFAPmRNAlevelswere quantifiedinolfactorybulb,cortex,hippocampus,brainstem,andcervicalspinalcordusingqPCR(nϭ4 -7malemicepergenotype).Nrf2 overexpression in R236H/ϩ mice (R236H/ϩ;GFAP-Nrf2) decreased GFAP transcript levels in olfactory bulb, cortex, and brainstem. Transcript levels are normalized to 18S. B, GFAP protein levels were measured by ELISA in several brain regions (n ϭ 5-12 male mice, 4 -6 litters per genotype). R236H/ϩ mice have increased GFAP protein compared with WT in olfactory bulb, cortex, and hippocampus, while GFAPlevelswereunchangedinR236H/ϩbrainstem,cerebellum,andcervicalspinalcord.Nrf2overexpressioninWTmice(GFAP-Nrf2)had varyingeffects,dependingonbrainregion.Nrf2overexpressioninR236H/ϩmice(R236H/ϩ;GFAP-Nrf2)decreasedGFAPproteinlevelsin allbrainregionsexceptcerebellum(thedecreasewasstatisticallysignificantinfemalecerebellum;datanotshown).C,D,Immunolabeling with anti-GFAP antibody shows a decrease in GFAP immunoreactivity and aggregates (arrows) in R236H/ϩ;GFAP-Nrf2 olfactory bulb (D) compared with R236H/ϩ (C). Scale bar: C, D,50m. Gr, Granular cell layer; IPl, internal plexiform layer; Mi, mitral cell layer; EPl, external plexiform layer. Error bars are SD in A and SE in B. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
Nrf2 overexpression increases glutathione in whole brain but not olfactory bulb
Nrf2 regulates several genes involved in the synthesis and homeostasis of glutathione, and so not surprisingly, Nrf2 overexpression increased total glutathione at the whole-brain level in WT and R236H/ϩ mice (GFAP-Nrf2 vs WT and R236H/ϩ;GFAP-Nrf2 vs R236H/ϩ; Fig. 6 A) . However, Nrf2 overexpression did not increase total glutathione in olfactory bulb (R236H/ϩ;GFAP-Nrf2 vs R236H/ϩ; Fig. 6 B) , the region where Nrf2 has its most dramatic effects for decreasing GFAP and Rosenthal fibers. Nrf2 overexpression also did not alter the GSH/GSSG ratio in either whole brain or olfactory bulb (data not shown). These data suggest that increased glutathione levels are not required for reduction in GFAP and Rosenthal fibers, although we cannot exclude the possibility that measurements of glutathione in tissue lysates may mask changes occurring at the level of individual cell types.
GCLM
؊/؊ mice have decreased glutathione, but this does not worsen the phenotype in R236H/؉ mice Although increased glutathione levels were not necessary for the Nrf2-mediated decrease in Alexander disease-associated phenotypes, we wanted to test whether glutathione levels are a modify- ing factor of disease severity using genetic depletion. To decrease glutathione levels, we crossed R236H/ϩ mice with GCLM Ϫ/Ϫ mice. Total glutathione levels were 71% lower in GCLM Ϫ/Ϫ brains compared with WT and also 71% lower in R236H/ϩ; GCLM Ϫ/Ϫ compared with R236H/ϩ (Fig. 7A ). No differences in GSH/GSSG were observed between the four genotypes (WT, 22 Ϯ 3; R236H/ϩ, 24 Ϯ 2; GCLM Ϫ/Ϫ , 24 Ϯ 3; R236H/ϩ; GCLM Ϫ/Ϫ , 25 Ϯ 2). The deletion of GCLM did not have any effect on GFAP levels in WT or R236H/ϩ mice at the whole-brain level (WT vs GCLM Ϫ/Ϫ and R236H/ϩ vs R236H/ϩ;GCLM Ϫ/Ϫ ; Fig. 7B ). The deletion of GCLM also did not worsen the low body weight of R236H/ϩ mice (Fig. 7C) or affect survival up to 1 year (n ϭ 3 R236H/ϩ;GCLM Ϫ/Ϫ mice). R236H/ϩ, GCLM Ϫ/Ϫ , and R236H/ϩ;GCLM Ϫ/Ϫ mice all weighed less than WT littermates at all time points (5-12 weeks of age), but R236H/ϩ;GCLM Ϫ/Ϫ mice did not weigh significantly less than R236H/ϩ mice (Fig.  7C ). These data suggest that depleted glutathione is not a major factor in the pathogenesis of Alexander disease.
Discussion
Nrf2 regulates expression of many genes that function to alleviate oxidative stress. Astrocyte-specific overexpression of Nrf2 lessens pathology in models of Huntington's disease, ALS, and Parkinson's disease (Calkins et al., 2005 (Calkins et al., , 2010b Jakel et al., 2007; Vargas et al., 2008; Chen et al., 2009) . Loss of Nrf2 exacerbates disease and injury and increases inflammation (Calkins et al., 2005; Shih et al., 2005; Kraft et al., 2006) . These beneficial effects of Nrf2 are likely due to its ability to increase glutathione levels and relieve oxidative stress. Here, we show that astrocyte-specific overexpression of Nrf2 is beneficial in a mouse model of Alexander disease, but this is probably not due to effects on glutathione.
Mice overexpressing human wild-type GFAP, a severe model of Alexander disease, have increased ARE activity, increased NQO1 activity, and increased transcript levels of several genes regulated by Nrf2 (Hagemann et al., 2005) . R236H/ϩ mice also have an elevated antioxidant response, with ARE activity being most prominent in regions with Rosenthal fibers (Hagemann et al., 2006) . Here, we show the antioxidant response in R236H/ϩ mice is increased as measured by Nrf2 and Nqo1 transcripts and ARE-hPAP activity and extend the previous results by quantifying Nrf2 activity in multiple brain regions.
Nrf2 overexpression consistently decreased Gfap transcripts, GFAP protein, and Rosenthal fibers in R236H/ϩ mice, especially so in olfactory bulb. Why the effects in olfactory bulb are so robust is not clear, but may relate to heterogeneity among brain regions in terms of astrocyte numbers and morphology as well as properties such as gene expression, composition of neurotransmitter and transporters, and response to injury (Emsley and Macklis, 2006 ) (for review, see Zhang and Barres, 2010) . The effects of Nrf2 overexpression on GFAP levels in Gfap ϩ/ϩ mice also varied by brain region-GFAP protein decreased in olfactory bulb, brainstem, and cervical spinal cord, increased in hippocampus, and did not change in cerebral cortex. One possible explanation for these region-specific effects is variable activity of the 2.2 kb GFAP promoter used to direct expression of Nrf2, and indeed Nrf2 transcripts were highest in the olfactory bulb. However, other downstream indicators of Nrf2 activity (hPAP activity and Nqo1 transcripts) were not correspondingly increased in olfactory bulb, and promoter activity does not account for the GFAP increase found in hippocampus. Nrf2 is known to heterodimerize with other binding partners, such as the small Maf proteins (Itoh et al., 1997; Motohashi et al., 2002) to initiate transcription of its target genes, and perhaps expression of these transcription cofactors varies by brain region.
Regional variability of Nrf2 effects on GFAP may also explain why GFAP was not previously identified as being regulated by Figure 6 . Effects of Nrf2 overexpression on glutathione levels. R236H/ϩ mice either have no change (whole brain, A) or an increase (olfactory bulb, B) in total glutathione levels [reduced (GSH) plus oxidized (GSSG)] as measured by HPLC. Nrf2 overexpression increases total glutathione in WT and R236H/ϩ whole brain (A), but Nrf2 does not increase total glutathione levels in WT or R236H/ϩ olfactory bulb (B), the region in which Nrf2 most effectively reduces GFAP and Rosenthal fibers. n ϭ 4 -6 male and 4 -6 female mice per genotype for whole brain (A) and n ϭ 3-6 male and 4 -7 female mice per genotype for olfactory bulb (B). Error bars are SD. *p Ͻ 0.05, ***p Ͻ 0.001. Figure 7 . Deletion of GCLM decreases glutathione levels but does not exacerbate the disease in R236H/ϩ mice. A, Deletion of GCLM leads to a 71% decrease in total glutathione levels in WT and R236H/ϩ brains (n ϭ 4 male and 4 female mice per genotype). B, Despite low levels of glutathione, R236H/ϩ;GCLM Ϫ/Ϫ mice do not have increased GFAP protein levels compared with R236H/ϩ, as measured by ELISA (n ϭ 4 male and 3-5 female mice per genotype). C, Consistent with unchanged GFAP levels, GCLM Ϫ/Ϫ has no effect on body weights of male R236H/ϩ mice (n ϭ 4 -7 litters per genotype). Error bars are SD in A and B, and SE in C. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. In C, the asterisk (*) is versus WT.
Nrf2. One set of studies used astrocyte cultures derived from cerebral cortex (Lee et al., 2003; Shih et al., 2003; Kraft et al., 2004) , and our results show that Nrf2 overexpression has no effect on GFAP in cortex of mice that are wild type at the Gfap locus. Similarly, we detected no decrease in Gfap mRNA in GFAP-Nrf2 cervical spinal cord, confirming results from lumbar spinal cord of the lower-expressing GFAP-Nrf2.4 mice (Vargas et al., 2008) . While our results do show that Nrf2 affects GFAP expression in several regions of the CNS, possibly due to effects on transcription, transcript stability, and/or protein turnover, they do not address whether this is a direct or indirect effect.
Depletion of glutathione is thought to contribute to pathology in other neurodegenerative diseases, such as Parkinson's disease (for review, see Martin and Teismann, 2009 ), but surprisingly we found no evidence that lower glutathione levels contribute to the pathogenesis of Alexander disease. Glutathione levels are unchanged at the whole-brain level in R236H/ϩ mice and are even increased in olfactory bulb where there is considerable pathology. In addition, the ratio of reduced to oxidized glutathione (GSH/ GSSG), for which lower values are often interpreted as indicators of oxidative stress, was instead increased at the whole-brain level of R236H/ϩ mice, and unchanged in olfactory bulb. These results suggest either that the brains of Alexander disease mice do not have oxidative stress or that the endogenous Nrf2 response is able to keep glutathione homeostasis intact. Whether glutathione homeostasis is maintained or enhanced specifically in astrocytes cannot be determined from our data. However, global deletion of the Gclm gene, which is thought to cause depletion of glutathione in all cell types, did not worsen the phenotype of the R236H/ϩ mice. Together, these data support the notion that glutathione depletion is not a significant factor in the pathogenesis of Alexander disease.
Whether the beneficial effects of Nrf2 overexpression are mediated by increased glutathione is a more difficult question. Nrf2 does regulate the expression of several genes involved in glutathione synthesis and homeostasis, and the protective effects of Nrf2 in other neurodegenerative disease and injury models corresponded with increases in glutathione (Kraft et al., 2004; Vargas et al., 2008; Calkins et al., 2010b) . However, in the present study, GFAP-Nrf2 mice showed no change in total glutathione in olfactory bulb, where Nrf2 overexpression had its most dramatic effects for decreasing GFAP and Rosenthal fibers. Since primary astrocyte cultures prepared from spinal cord of GFAP-Nrf2.4 mice do exhibit increases in both intracellular glutathione and glutathione secretion (Vargas et al., 2008) , it remains a formal possibility that such changes occur in olfactory bulb but are offset by changes in other cell types. An alternative possibility is that the protective effect of Nrf2 on GFAP levels may be mediated through its effects on other aspects of the antioxidant response, such as iron regulation or other detoxifying enzymes (e.g., superoxide dismutase or catalase).
R236H/ϩ mice are theoretically an ideal model for Alexander disease since they are a knock-in of a point mutation commonly found in severe early-onset cases of human Alexander disease, and they replicate several features of the disease: elevated GFAP, gliosis, Rosenthal fibers, and both stress and immune responses (Hagemann et al., 2006) . However, the disease phenotype in these mice is not as severe as early-onset cases in humans, in that they have neither a shortened life span nor an apparent defect in myelin (Hagemann et al., 2006) . Behavioral studies currently underway show preliminary indications of deficits in hippocampal-dependent spatial learning (T. L. Hagemann, personal communication), and it will be interesting to examine the effects of Nrf2 overexpression on these phenotypes as well.
In conclusion, we show that astrocyte-specific overexpression of Nrf2 is sufficient to decrease GFAP transcripts, protein, and Rosenthal fibers in a mouse model of Alexander disease. Drugs to increase Nrf2 expression or activity might prove valuable for treating Alexander disease and possibly other diseases in which a decrease in gliosis may be beneficial. Since the Nrf2 transgene begins to be expressed during development, we can only conclude that it prevents an increase in GFAP and Rosenthal fibers, and future studies can test whether Nrf2 is sufficient to reverse high levels of GFAP and Rosenthal fibers. Nrf2 activity-inducing drugs, such as sulforaphane, cystamine, carnosic acid, and curcumin, have been used to treat mice in models of 3-NP/Huntington's disease, ischemia, and Alzheimer's disease with promising results (Lim et al., 2001; Satoh et al., 2008; Calkins et al., 2010a) , but whether these drugs can cross the blood-brain barrier in Alexander disease will need to be determined. Given the utility of increased Nrf2 expression in the R236H/ϩ mice, further studies will need to be directed at finding drugs that can control Nrf2 activity in the brain.
